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ATOLLO 8 SPACECRANT DISPIRSTION ANALYSTS
VOLUME ITI - TRANSLUNAR AND TRANSEARTIl PHASES

By G. C. Hitt, 5. M. Kindall, and Jerome D. Yencharis

SUMMARY

Summarized herein are the results of the dispersion analysis of
the Apollo 8 mission, translunar and transearth phases only.

If it can be assumed that there will be no spacecraft venting,
the analysis indicates there will be no serious problems. Total
service propulsion system (SPS) AV cost for translunar midcourse was
85.8 fps in the worst case and O fps for transearth midcourse. The
highest total reaction control system (RCS) AV cost was 9.35 fps for
translunar midcourse and 17.24 fps for transearth midcourse. Resulting
deviations at lunar orbit insertion (L0I) and entry interface appear
to be acceptably small.

If venting is considered in the problem, the preliminary results
included herein point out its general effects. More midcourses need
be made, AV cost is higher and resulting deviations are larger.

INTRODUCTION

This document contains a description of the spacecraft dispersion
analysis for the translunar and transearth phases of the Apollo Mission 8.
The nominal timelines for the translunar and transearth phases of
Apollo 8 are shown below. The times listed for the midcourse corrections
are those which were selected for use in the dispersion analyses based
on requirements for MSFN tracking before and after each midcourse
correction, crew timeline considerations, and results from previous
simulations of Apollo Mission G. All other times were taken from the
Apollo 8 operational trajectory (ref. 1) which has a December 21, 1968,
launch date and 72° launch azimuth.
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Translunar Phase

g. e, t. Time From TLI
Event (day:hr:min) Cutoff (hrs)
Translunar injection 0:02:56 0
(TLI) cutoff
MCCt 0:08:56 6
MCC2 1:03:56 25
MCC3 1:23:07 44 (1L0I - 22 hr)
MCC4 2:13:07 58 (LOI - 8 nhr)
LOI ignition 2:21:07 66
Nodal passage 2:21:08 66

Transearth Phase

g.e. t. Time From TEI
Event (day:hr:min) Cutoff (hrs)
Transearth injection 3:17:07 _ 0
(TEI) cutoff
MCC1 4:03:07 10
MCC2 4:22:07 29
MCC3 5:22:06 53 (entry-29 hr)
MCC4 7:01:06 80 (entry-2 hr)

Entry 7:03:06 82
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Several changes are being considered for the Apollo 9 operalional
) trajectory. Most significant is decreasing the transcarth trip time
by one day whenever feasible. An analysis is currently underway on
. such a trajectory.

This document contains an analysis of a translunar trajectory with
spacecraft venting. It should be emphasized that at this time, the
venting data can only be considered preliminary.

It is intended that shortly a summary document will be published
which will include the results of the following additional studies:

1. Effect of spacecraft venting during translunar and transearth
coast.

2. Effect of one-day shorter transearth trip time.
3. Loss of communications following transearth injection (TET).

4. Nominal transearth coast with a midcourse maneuver at entry
interface - 24 hours to shift landing longitude.

. 5. Loss of primary guidance system prior to TEI.
6. Loss of communications after the first translunar midcourse.

The dispersion analysis presented was performed by TRW Systems
Group under MSC/TRW Task A-100.

SIMULATION DESCRIPTION

The dispersion analyses for the translunar and transearth phases
of Apollo 8 were performed with the TAPP VIA program, a linearized
Monte Carlo program. Two hundred translunar and transearth flight
simulations were performed with the program, and statistical results

of the simulations were compiled with the Adaptive Statistical Processor
(APROC) program.

Translunar Simulations

Each translunar simulation was initialized with a set of sample
state vector deviations (actual deviations) at translunar insertion
(TLI) cutoff and was terminated at the nominal time of nodal passage.
Simulated midcourse corrections were targeted to node (X, Y, Z, and
time at the node of the approach hyperbola and the lunar orbit plane)
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and included the effects of Manned Space Flight Network (MSFN)
navigation errors, errors in the estimated values for the gravitational
constants of the earth and moon, and midcourse execution errors.

Two sets of translunar simulations were made: one set included
the effects of venting, in addition to the errors mentioned above,
and one set did not include venting effects.

No attempt was made to construct a rigorous venting model for
Apollo 8 simulations. A rigorous model would have to consider the
variation of vent direction due to passive thermal control rotation
and variations in the magnitude of the venting thrust. For the
translunar dispersion analysis, a simple, conservative model was employed
in which the direction of the vent thrust was taken to be parallel to
the vehicle velocity vector relative to the earth. It was assumed
that venting thrust in this direction would be a worst case situation
in that it would result in actual vehicle state deviations which would
cost the most in terms of midcourse AV to correct, and, in addition,
would produce the greatest degradation in the accuracy of the estimated
vehicle state.

The magnitude of the venting thrust, Tv’ was modeled to be

T = aT

v
where the profile for T is shown in the graph below and o is a random
scaling factor selected at the beginning of each mission simulation
cycle from a normal distribution with mean equal to zero and standard
deviation equal to 1.0.
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The venting effects summarized in this document should be considered
as preliminary data. The venting model utilized in this simulation was
set up at the start of the study. Since then, there have been many
questions as to the validity of the model, the magnitude of the vent,
and the resulting navigational data which were input to this study.

As of this time the majority of the questions are unanswered. Two
points should be made: (1) A continuous vent of 0.0125 1b along the
velocity vector during translunar coast can change actual pericynthion
altitude by 25 n. mi., and (2) navigational uncertainties may be
increased because of the vent. Exactly how much the uncertainties

are increased (if at all) will depend on real-time navigational
procedures. The navigational procedures to be used if the spacecraft
vents are currently under study and are not necessarily reflected in
this document. However, the data presented here can be taken as a
general indication of the effects of spacecraft venting.

Transearth Simulations

Transearth simulations were initialized with a set of sample
actual state deviations at transearth injection (TEI) cutoff-plus-10-
seconds and were terminated at entry interface (400 000 ft). Simulated
transearth midcourse corrections were targeted to the nominal entry
flight-path angle, with longitude and latitude of the entry point



unconstrained, and included the effects of navigation errors, errors
in the estimated values for the gravitational constants of the earth
and moon, and midcourse execution errors. Venting was not simulated
during the transearth phase.

In both the translunar and the transearth simulations MSFN
tracking data taken during the two-hour period immediately prior to a
planned midcourse correction were not included in the calculation of
the required AV.

ERROR SOURCES

Navigation Errors

MSFN tracking normal matrices and state transition matrices for
the translunar and transearth phase dispersion analyses were prepared
using the TAPP IV program. Navigational error sources whose effects
were included in both the translunar and transearth analyses were
tracking data noise and biases, MSFN tracking station location errors,
error in the estimated value for the gravitational constant of the
earth, and error in the estimated value for the gravitational constant
for the moon. The value of the standard deviation for each of these
errors was specified by the MSC Mathematical Physics Branch. In
addition, one set of translunar simulations included the effects of
venting until entry into the moon's sphere of action (MSA) which occurs
at about TLI—plus—Sh—hours. The second set of translunar simulations
and the transearth simulations did not include venting effects.

Midcourse Execution Errors

Translunar and transearth midcourse maneuvers were modeled as
impulsive corrections, and it was assumed that all maneuvers are
primary guidance, navigation, and control system (PGNCS) guided. The
effects of the errors listed below were included in simulated midcourse
maneuvers; the errors were modeled to have a normal distribution with
mean and standard deviation as indicated. The numerical values were
provided by the Guidance and Performance Branch.




T
) Error Mean Standard Deviation
Initial thrust vector pointing error :pitch 0.0 0.42 deg
tyaw 0.0 0. 42 deg
IMU platform alignment error at -2
midcourse burn initiation® 1pitch 0.0 1. 87x10 _, deg
:roll 0.0 1. 87x10 5 deg
ryaw 0.0 1.87x10 " deg
IMU accelerometer bias :X-axis 0.0 6.56x10:§_ﬁ/sec2
:Y-axis 0.0 6.56x10 Sft/sec
:Z-axis 0.0 6. 56x10 “ft/sec
IMU accelerometer scale factor :X-axis 0.0 1.16x10:4
1Y -axis 0.0 1. 16x10°
:Z-axis 0.0 1.16x10
Error in SPS thrust magnitude 0.0 66.9 1b
Error in RCS thrust magnitude (2 jet) -0.21b 1.2 1b

SPS tailoff impulse error (equivalent

‘ time at full thrust) 0.0 0. 04 sec

In addition to these errors, initial vehicle pitch, roll, and yaw
attitude errors at maneuver ignition were simulated ascsuming these
errors to be uniformly distributed between -0.5° and 0.5° {the deadband
constraints for attitude-hold prior to ignition). Also, the fact that
AV sensed onboard accumulates in discrete steps of 0.19 fps, rather
than as a continous function of actual AV, was accounted for in the
simulation.

8ncludes an initial misaligmment of 1.11 x 10772 deg (lo) and one
half hour of drift at a rate of 3.0 x 10~2 deg/nr. The?root-mean—squarc
(RMS) of these two values was taken yielding 1.87 x 1077 deg (lo).



Nominal weights and engine performance data for the CSM were
assumed to be:

Nominal CSM weight (dry), 1b e e e 23 811
Nominal propellant weights following TLI, 1b . Lo T3h
Nominal propellant weights following

N 10 675
Nominal thrust for service propulsion

system (SPS), 1b . . . . . 20 908

Nominal specific impulse for OPS, sec . . . . 31h.2
Nominal thrust (2 jets) for reaction

control system (RCS), 1b .. 199.6
Nominal specific impulse for RCS, sec . . . . 276.0

Nominal performance values and standard deviations for errors
were obtained from references 2 and 3. Curves relating AV errors (due
to initial thrust vector pointing error) to midcourse burn time were
obtained from reference k.

Injection Errors

A covariance matrix, shown in table I, of actual state vector
deviations at TLI-cutoff-plus-15.417-minutes was provided by the
Guidance and Performance Branch for the translunar dispersion analysis.
The matrix was mapped back to the time of TLI cutoff and used in the
Monte Carlo program to generate sample initial state deviations for
translunar mission simulations. The covariance matrix of actual
post-TEI state deviations, used to produce initial state deviations for
the transearth analysis, is also shown. The TEI matrix was also
provided by the MSC Guidance and Performance Branch.

Each of the matrices in table I is actually a combined covariance
and correlation matrix with covariance elements Oij in the lower
triangular portion and correlation coefficients pij above the diagonal

as illustrated below.




where

L .th
an - standard deviation of the i component of the state
vector deviation.

. o ' .th 1h
0. . : correlation coefficient for the 1 and j  components

MIDCOURSE DECISION LOGIC

In the translunar and transearth simulations the decision to
make or not to make a midcourse correction at each of the specified
nominal midcourse times was based on the magnitude of the required
AV relative to several different threshold values. The first of these
thresholds was the midcourse correction threshold (MCCT). A maneuver
was not performed unless the magnitude of the required AV exceeded

this threshold. If IZV%FQ’ > MCCT then a midcourse correction was

nerformed, If IWRFQI > GPST, the SPS threshold, then the maneuver

vas performed with the SPSa; otherwise the maneuver was performed with
the RCS.

Following a midcourse correction with the SPS the magnitude of

AVRES’ the residual AV (AVRES = AVREQ _AVSENSED)’ was compared with

the trim threshold TRIMT and an RCS trim maneuver was performed if
|ZV§FSI > TRIMT. However, the residual AV was not trimmed down to

zero but down to the value of TRIMI, in accordance with a policy
established by the Data Priority Techniques Working Groups.

a . . et - .

T'or transearth simulations all 310 MCC's included an RCO ullagre
maneuver cqual to 4.0 fps. Ullapge mancuvers were not perlformed during
‘the Lranstunar phase.
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A diagram of the midcourse decision logic is shown in figure 1.
The values of MCCT, SPST, and TRIMT for the four translunar midcourse
corrections are given in table IT. The values for the four transearth
midcourse corrections are shown in table ITI.

RESULTS

Results from simulations of the translunar and transearth phascg
of Apollo 8 are presented in the tables and cumulative distribution
function (CDF) graphs of appendices A and B, respectively. Rach CDI
graph shows plotted points from the sample cumulative distribution function
for a particular variable. The curve shown on the graphs is a
Gaussian distribution curve whose mean and standard deviation are the
same as the sample mean and standard deviation for the variable.
Comparison of the plotted points and the curve on each of the CDF
graphs shows how closely the sample variables approached a Gaussian
distribution. If the plotted points and the curve are coincident, this
of course indicates that the sample variables were normally distributed.

Summary of Translunar Results

There is a significant difference between the results obtained
using venting and those obtained without venting. This difference is
especially noticeable in the final deviation in altitude at node.
Because of a larger error in the estimated state at the time of the
last midcourse correction in the venting case (resulting in a more
erroneous midcourse correction than for the no venting case) the
dispersion in altitude at node increased when venting was considered.
Without venting, the largest positive deviation in altitude at node
was about 8 n. mi., and the largest negative deviation was about
~7T n. mi., both well within safe limits. When venting was included,
the largest positive deviation in node went up to about 21 n. mi., and
the largest negative deviation went to about -18 n. mi., or about 42 n. mi.
above the lunar surface.

When venting was present a midcourse correction was required at
the second midcourse decision time for 46 percent of the simulations;
without venting a2 midcourse correction at this time was required in only
6.5 percent of the simulations. TFurthermore, at the fourth midcourse
decision time the simulations indicate that with or without venting
there is a high probability that midcourse correction will be required.
However, with venting this midcourse correction required use of the
3PS in 55.5 percent of the simulations as opposed to only 2.5 percent
without venting. ©$uch differences are readily attributed to increased
deviations in actual state and larger errors in the estimated state
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when venting is included. Ispecially noticeable is the effect of a
large increase 1in error in the estimated state at the time of the third
midcourse correction when venting is included. This results in an
erroneous commanded third midcourse correction and thereby increases

the dispersion of the required corrective velocity at the fourth
midcourse correction. The largest fourth midcourse correction increases
from 6.7 fps without venting to 28.7 fps with venting. However, the
largest total translunar SPS maneuver velocity and the total translunar
RCS maneuver velocity are not significantly different for the two

cases. The largest total SPS AV for all translunar midcourse corrections
was 85.80 fps without venting and 95.32 fps with venting; the largest
total RCS AV was 9.35 fps without venting and 9.87 fps with venting.

Summary of Transearth Results

The most noteworthy results from the transearth simulations are
the statistics on required midcourse AV. The 8PS was used only once
during the two hundred transearth simulations which were performed.
For eight of the simulations no transearth midcourse corrections
were performed and about 18 percent of the simulations accumulated
a total AV for transearth midcourse corrections of 2.0 fps or less.
The largest cumulative AV (RCS) obtained was 17.2k fps. These
results show injection errors incurred during the TEI burn to be small
and correctable (targeting for nominal path angle at entry) at an
unexpectedly small cost in AV.

Required AV during the transearth phase was found to be in a
direction which was very nearly perpendicular to the geocentric
position vector of the vehicle and in the plane of the trajectory.

Statistics on actual state deviations at entry show that the range
of entry flight-path angle was -6.105° to -6.388°. This is well within
the entry corridor of -5.7° (zero-lift overshoot) to -7.3° (12-g
undershoot) shown in reference 1. Entry azimuth ranged from 112.370°
to 112.785°, and entry speed ranged from 36 067.2 fps to 36 075.2 fps.
For the Monte Carlo simulations, the nominal values for these variables
were

Nominal entry flight-path angle, deg . . . . . ~-6.2485
Nominal entry azimuth, deg . . . . . . . . . . 112.6006
Nominal entry speed, fPS « « « « v o « « « « & 36 070.98

The longitude of the entry point, which was not constrained during
midcourse corrections, varied over a range of -1.173° to 1.586° from

the nominal entry longitude. Entry latitude deviations, which also

were not constrained during midcourse corrections, ranged from -0.1L44° to
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0.171°. These deviations give a landing point which is well within
the relocation capability (about 1000 n. mi.) of the recovery ship
during transearth coast (ref. 5).

CONCLUSIONS

Without venting there is no problem for translunar coast. The
probability is very high that only three (and possibly only two)
midcourse corrections need be made. The AV cost is about as expected
and should be no problem in this mission. The maximum deviations in
resulting altitude at the moon appears to be safe and should offer no
problem to the LOI targeting scheme.

The preliminary results for venting in translunar coast show
significant differences from the no-venting case. The probability
of making more corrections was high; AV cost was slightly higher;
resulting deviations at the moon were significantly larger. Some
preliminary studies have been conducted with these deviations, and it
appears at this point no problem would be incurred by the Real Time
Computer Complex (RTCC) LOI targeting processor in targeting out any
lo deviations at the node in the vent case. As pointed out in the text,
however, the effect of venting is principally to increase navigation
uncertainties. Just how much of an effect this is depends on real-time
navigational procedures.

The transearth results reflect an accurate TEI maneuver resulting
in very small midcourse maneuvers. The probability is almost nil that
an SPS maneuver need be performed. Deviations at entry interface appeared
to be entirely acceptable.
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Table 2. Translunar Midcourse Decision Thresholds

MCC-1 MCC -2 MCC-3 MCC -4
MCCT (ft/sec) 3.0 1.0 1.0 0. 25
SPST (ft/sec) 5.0 5.0 5.0 5.0
TRIMT (ft/sec) 0. 25 0. 25 0. 25 0.0

Table 3. Transearth Midcourse Decision Thresholds

MCC-1 MCC-2 MCC-3 MCC-4
MCCT ({t/sec) 2.0 2.0 1.0 1.0
SPST (ft/sec) 12.0 12.0 12.0 12.0
TRIMT (ft/sec) 0.2 0.2 0.2 0.2
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Figure 1.

Midcourse Decision Logic
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APPENDIX A

STATISTICAL SUMMARY OF TRANSLUNAR SIMULATION RESULTS
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IABLIS A-VI.~ Sample Covariance Matrices of Required Midcourse AV
Does Not Include Effccts of Venting

First Translunar Midcourse Correction (TLI +6 hr)

Sample Covariance Matrix of Required Midcourse AV (ft/sec; Geocentric
UVW Coordinates)

1 2 3
1 2.0816288E+1
2 -8.6725302E-1 2. 1035509E+1
3 -8.4124541E-1 6.3881318E-1 2. 0296119E-0

Second Translunar Midcourse Correction (TLI 425 hr)

Sample Covariance Matrix of Required Midcourse AV (ft/sec; Geocentric
UVW Coordinates)

1 2 , 3
1 5.2397017E-1
2 -6.0158293E-2 3.6717532E-1
3 1. 7628374E-2 -4.8594875E-1 3.5089330E-1

“Statistics based on 200 samples.

Matrices are in normalized form; i. e., the diagonal elements are the
standard deviations rather than the variances, and the off-diagonal ele-
ments are the correlation coefficients,




TABLE A-V].- Sample Covariance Matrices of Required Midcourse AV -
Does Not Include Effects of Venting {(Concluded)

Third Translunar Midcourse Correction (LOI -22 hr)

Sample Covariance Matrix of Required Midcourse AV (ft/sec; Geocentric
UVW Coordinates)

1 2 3
1 7.9034687E-1
2 -2.4614446E-1 5.3558837E-1
3 4.4467357E-2 - 2. 1405653E-1 6. 0856366E-1

Fourth Translunar Midcourse Correction (LOI -8 hr)

Sample Covariance Matrix of Required Midcourse AV (ft/sec; Selenocentric

UVW Coordinates)
1 z 3 ®

1 1.5065109E-0
2 4,3697642E-1 8. 6316866E-1
3 -6.4440245E-1 -4,7057434E-1 1. 2192940E-0

*
Statistics based on 200 samples.

Matrices are in normalized form; i. e., the diagonal elements are the
standard deviations rather than the variances, and the off-diagonal ele-
ments are the correlation coefficients.
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- TARIF A-VTTT.~ Statistical Summary of Deviations in Altitude at Node
Does Not Include Effects of Venting

Deviations in Altitude at Node (ft)

Mean = -785.9
Standard Deviation = 18, 036. 8
Smallest Sample = -40,305.2
25th Percentile Sample = -12,709.6
50th Percentile Sample = -722.2
75th Percentile Sample = 9,701.4
90th Percentile Sample = 21,034.0
95th Percentile Sample = 29, 787. 4
99th Percentile Sample = 46, 314. 9
Largest Sample = 49,714. 6
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TABLE A-XIV.- Sample Covariance Matrices of Required Midcourse AV
Includes Effects of Venting

First Translunar Midcourse Correction (TLI +6 hr)

Sample Covariance Matrix of Required Midcourse AV (ft/sec; Geocentric
UVW Coordinates)

1 2 3
1 2.0941315E+1
2 -8.6515345E-1 2.1046519E+1
3 -8.2777901E-1 6.3536308E-1 2.0329174E-0

Second Translunar Midcourse Correction (TLI +25 hr)

Sample Covariance Matrix of Required Midcourse AV (ft/sec; Geocentric

UVW Coordinates)
| 2 3 ®

1 7.5598531E-1
2 -1.2252737E-1 3.7998470E-1
3 7.3042212E-1 -2.3201395E-1 9. 1540990E-1

“Statistics based on 200 samples.

Matrices are in normalized form; i. e., the diagonal elements are the
standard deviations rather than the variances, and the off-diagonal elements
are the correlation coefficients.
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TABLE A-XIV.- Sample Covariance Matrices of Required Midcourse AV
Includes Effects of Venting (Coneluded)

Third Translunar Midcourse Correction (LOI -22 hr)

Sample Covariance Matrix of Required Midcourse AV (ft/sec; Geocentric
UVW Coordinates)

1 2 3
1 1. 1228851E-0
2 2.5062925E-1 4.4585825E-1
3 8.5204518E-1 4.0199682E-1 1. 8484177E-0

Fourth Translunar Midcourse Correction (LOI -8 hr)

Sample Covariance Matrix of Required Midcourse AV (ft/sec; Selenocentric
UVW Coordinates)

1 2 3
1 6.6513136E-0
2 9.2671886E-1 1.4019440E-0
3 -9.9092811E-1 -9. 2795995E-1 5.8588085E-0

—P‘Statistics based on 200 samples.

Matrices are in normalized form; i. e., the diagonal elements are the

standard deviations rather than the variances, and the off-diagonal ele-
ments are the correlation coefficients, '
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TABLE A-XVI.- Statistical Summary of Deviation in Altitude at Node

Includes Effects of Venting

Deviation in Altitude at Node (ft)

Mean

Standard Deviation
Smallest Sample

25th Percentile Sample
50th Percentile Sample
75th Percentile Sample
J0th Percentile Sample
95th Percentile Sample
99th Percentile Sample
Largest Sample

{1 T 1 S T I R R A

1

-682.4
40,687.8
-109, 183.1
-26,288.1
-1,919.5
27,311, 7
53,376.3
66, 279. 1
105, 065. 6
128,555. 4
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APPENDIX B

STATISTICAL SUMMARY OF TRANSEARTH SIMULATTON RESULTS
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TABLE B-VI.- Sample Covariance Matrices of Required Midcourse AV*

First Transearth Midcourse Correction (TEI + 10 hr)

Sample Covariance Matrix of Required Midcourse AV (ft/sec; Selenocentric
UVW Coordinates)

1 2 3
1 3.4545887+000 Symmetric
2 -9.9999999-001 1. 5517987+000
3 -9. 9999999-001 9.9999999-001 3.3432991-001

Second Transearth Midcourse Correction (TEI + 29 hr)

Sample Covariance Matrix of Required Midcourse AV (ft/sec; Geocentric
UVW Coordinates)**

1 2 3
1 6. 1580735-003 Symmetric
2 9.9999999-001 1.3641577+000
3 9.9999999-001 9.9999999-001 5.1101480-003

>':Sta.tistics based on 200 samples.

Matrices are in normalized form; i.e., the diagonal clements are the
standard deviations rather than the variances,and the off-diagonal elements
are the correlation coefficients.

""The dominance of the v-component and the high correlation between
components indicates that MC AV was always in a direction nearly parallel
to the v-axis,
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TABLE B-VI.- Sample Covariance Matrices of Required
Midcourse AV* (Concluded )’

Third Transearth Midcourse Correction (Entry - 29 hr)

Sample Covariance Matrix of Required Midcourse AV (ft/sec; Geocentric
UVW Coordinates)**

1 2 3

1 3.3034899-004 Symmetric
2 9.9999999-001 1. 32108154000

3 9.9999999-001 9. 9999999-001 4.3023843-004

Fourth Transearth Midcourse Correction (Entry - 2 hr)

Sample Covariance Matrix of Required Midcourse AV (ft/sec; Geocentric
UVW Coordinates)**

1 2 3
1 1. 5257668-001 Symmetric
2 9.9999999-001 2. 58176014000
3 -9.9999999-001 -9.9999999-001 8. 4849182-004

%
Statistics based on 200 samples.

Matrices are in normalized form; diagonal elements are the standard
deviations and off-diagonal elements are the correlation coefficients.

“"The dominance of the v-compgonent and the high correlation between
components indicates that MC AV was always in a direction nearly parallel
to the v-axis.
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